One sentence summary: Aerobic-hypoxic regulation in budding yeast depends on Ixr1, and Ssn8 and Tdh3 are binding partners related to transcriptional regulation of gene expression.
INTRODUCTION
Ixr1 is a Saccharomyces cerevisiae transcriptional factor that extensively regulates the response to hypoxia and has been also related to DNA repair (McA'Nulty and Lippard 1996) . We have previously characterized the interactions of Ixr1 with specific DNA sequences from the promoters of ROX1 (Castro-Prego et al. 2009 ) and HEM13 , two hypoxic genes regulated by this factor. Ixr1 binds to DNA through its 2 in-tandem high-mobility group box (HMGbox) domains, and we have shown that differential DNA-binding through these domains explains the recognition of cis-regulatory sequences or modified DNA (Vizoso-Vázquez et al. 2017) . Besides, in-tandem arrangement of the 2 HMG-boxes in Ixr1 is required to form a stable complex with specific DNA regulatory sequences that allows transcriptional activation of regulated genes in vivo (Vizoso-Vázquez et al. 2017) .
Although Ixr1 interaction with DNA targets in regulated promoters has been studied, the knowledge about the mechanisms by which this interaction affects transcriptional or post-transcriptional events, thus modulating gene expression, is poorly known. Transcriptional regulation implies a complex interplay among gene-specific transcriptional regulators, co-regulators, general transcription factors and RNA polymerases acting on the chromatin template. In S. cerevisiae, during aerobic growth the transcriptional repressor Rox1, other protein containing 1 HMG-box domain (Deckert et al. 1999) , by interaction with the co-repressor complex Cyc8 (alias Ssn6)-Tup1 represses hypoxic genes (Zitomer, Carrico and Deckert 1997a; Zitomer et al. 1997b) . During hypoxia, rapid degradation of Rox1 (Deckert et al. 1995) and interaction of Cyc8 with Sut1 relieves this repression (Regnacq et al. 2001) . IXR1 is among the genes repressed by Rox1 in aerobiosis and its expression increases during hypoxia (Castro-Prego et al. 2009) . When oxygen availability is limiting, the mechanisms allowing high expression of hypoxic genes are not only based on de-repression; in addition, activation mechanisms usually have an important role in this scenario (Lowry, Cerdán and Zitomer 1990; Abramova et al. 2001; Cohen et al. 2001; Castro-Prego et al. 2009) , and positive mechanisms for IXR1 transcriptional activation during hypoxia have been described (Castro-Prego et al. 2009 ).
In eukaryota, the Mediator complex functions relaying signals from transcriptional activator or repressor factors to the RNA polymerase II (Poss, Ebmeier and Taatjes 2013) . The Mediator complex in S. cerevisiae contains 21 core subunits and it is reversibly associated to the four-subunit Cdk8 kinase module composed by the kinase-cyclin pair Ssn3-Ssn8 (alias Srb10-Srb11), Med12 and Med13. However, Mediator composition varies depending on the purification methods (Liu et al. 2001) and/or growth conditions (Petrenko et al. 2016) . The kinasecyclin pair Ssn3-Ssn8 is involved in transcriptional regulation (activation or repression) of diverse yeast genes, including those modulated by aerobic-hypoxic conditions (Becerra et al. 2002; Nuñez et al. 2007) . The interconnection between the Ssn3-Ssn8 pair and Ixr1 has not been previously explored, although all these factors are related to the yeast hypoxic response.
We present here the first analysis about Ixr1 interactions with three factors that have been previously identified as important players in the yeast hypoxic response, Cyc8, Tup1 and Ssn8. We have also co-purified Ixr1 and its interacting proteins, which have been identified by MS looking for putative co-regulators of transcription. Post-translational modification of Ixr1 associated to aerobic or hypoxic conditions have also been studied.
MATERIALS AND METHODS

Yeats strains and culture conditions
Growth transformation and handling of yeasts were carried out according to standard procedures. Cells were grown at 30
• C in YPD (2% glucose, 2% bacto-peptone and 1% yeast extract) or complete synthetic media, CM, prepared as previously described (Zitomer and Hall 1976) with omissions of amino acids (CM-Aa), adenine (CM-Ade) or uracil (CM-Ura) when required for identification or selection of transformed cells. For hypoxic growth, cells were cultured in anaerobic jars with the GasPack EZAnaerobe system from Becton, Dickinson and Company (Franklin Lakes, NJ, USA), and under these conditions (oxygen concentration <1%), the medium was supplemented with 20 mg/l ergosterol and 0.5% Tween 80.
Construction of IXR1 derivatives and detection of transcriptional activation
IXR1 and derivatives with deletions in the NH 2 and COOH ends were cloned in frame to the GAL4 DNA-binding domain (DNA-BD) of the plasmid pGBKT7 (Clontech, CA, USA). This vector allows high-level expression of fusion proteins due to the constitutive ADH1 promoter, and carries the TRP1 gene that is used Figure 2 . Two hybrid assay of Ixr1 interactions with Ssn8, Tup1 and Cyc8. Beta-galactosidase reporter activity was measured in three biological replica and two technical duplicates of each. Statistical significance (P < 0.01) was evaluated by a t-student test.
for auxotrophic selection in yeast. The constructs were verified by sequencing. Yeast Y2HGold cells (MATa, 112, gal4 , gal80 , and AUR1-C MEL1; Clontech, CA, USA) were transformed with constructions carrying Ixr1 and derivatives (described in Fig. 1A ) and plated in CM-Trp for selection. Activation of reporter genes (HIS3, ADE2 and α-GAL) in the transformed cells was checked by testing growth in CM-Trp-His, CM-Trp-Ade and X-α-Gal activity. The enzymatic activity of α-galactosidase was measured by using 4-nitrophenyl-α-D-galactopyranoside (α-PNPG). Transformed cells were grown to an OD 600 of 3-4. Yeast pellets were collected by centrifugation at 3000 × g and vortexed with glass beads in 20 mM Tris pH 7.4 to obtain protein extracts; cell debris were eliminated by centrifugation. One hundred fifty microliter of the supernatant was incubated for 5 min at 30 • C. Reaction was started by addition of 150 μL of 10 mM of α-PNPG in reaction buffer (61 mM citric acid and 77 mM Na 2 HPO 4 , pH 4). Aliquots of the reaction were stopped at three different times (5, 10 and 20 min) by mixing 100 μL of the reaction volume with 100 μL of 1 M Na 2 CO 3 . Measurement of the released p-nitrophenol was performed by UV absorbance at 400 nm. α-Galactosidase activity is given as specific activity in nmol/min.mg. Protein concentration was determined by Bradford (1976) .
Yeast two hybrid
IXR1 was cloned in the plasmids pGAD-C2 (Amp r ori 2μm GAL4-AD LEU2) and pGBD-C2 (Amp r ori 2μm GAL4-BD TRP1) previously described (James, Halladay and Craig 1996) , and their selected partners (TUP1, CYC8 and SSN8) were cloned in pGBD-C2 by PCR amplification and homologous recombination with the linear plasmid and PCR products in the yeast strain PJ69-4A (MATa trp1-901 leu2-3112 ura3-52 his3-200 gal4 gal80 LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ; James et al. 1996) . TDH3 was also cloned in pGBD-C2 by PCR amplification and IVA cloning (García-Nafría, Watson and Greger 2016). The primers used for the constructions are related in Table S1 , Supporting Information. Yeast two hybrid (Y2H) assays were carried out by the method previously described (James et al. 1996) based on the reconstruction of the transcriptional activator Gal4 and with three reporter genes (ADE2, HIS3 and lacZ) under its control. The constructions pGAD-C2-ScSrb11p and pGBD-C2-ScSrb10p previously described (Nuñez et al. 2007) were used to obtain a positive control of interaction with Ssn8. The constructions pGAD-C2-Ixr1 and pGBD-C2-Ixr1 were used to test dimmer formation as previously suggested (VizosoVázquez et al. 2017) . The yeast strain PJ69-4A (James et al. 1996) was co-transformed with the corresponding pGAD-C2 and Table 1 . Co-regulated targets of Ixr1 and CDK8 complex subunits. Hu et al. (2007) Co-regulated genes Ssn3 Med12 Med13
(5/11) (12/29) (11/27) Table 2 . Co-repressed targets of Ixr1 and Cdk8 complex subunits during normoxia. (Kemmeren et al. 2014) Co-repressed Ssn3 Ssn8 Med12 Med13 genes target target target target pGBD-C2 derivatives and transformed cells were selected in CMLeu-Trp. Candidates were tested in CM-Ade, CM-His and for β-galactosidase activity in filters. Positive interactions were quantified by β-galactosidase assays carried out in triplicate with independent colonies of transformed cells. β-Galactosidase activity measurements were performed according to the method of Guarente (1983) modified for implementation in eppendorf tubes and following the release of the colored product onitrophenol (ONP) from the synthetic substrate o-nitrophenyl-β-D-galactopyranoside (ONPG) (Sigma-Aldrich, St. Louis, Missouri, US). The activity was measured in cell free extracts from 10 mL of culture after resuspending the cells in buffer Z (100 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1.6 mM MgSO 4 and 2.7 mL of β-mercaptoethanol per liter of solution, pH 7). Mechanic lysis was performed with glass beads (Sigma-Aldrich, St. Louis, Missouri, US), and 100 μL of sample was diluted into 400 μL of buffer Z pre-incubated at 30
• C for 5 min. Then, 250 μL of substrate solution (ONPG 4 mg mL −1 dissolved in distilled water) was added. The reaction was stopped by adding 250 μL Na 2 CO 3 1 M and the mixture was centrifuged at 17 000 × g for 5 minutes. ONP released was determined spectrophotometrically at A 420 . β-Galactosidase activity is expressed in nmol ONPG hydrolyzed min −1 mg −1 of total protein in the extract. A molar extinction coefficient of 4500 M −1 cm −1 was used in the calculation.
Affinity-co-purification of Ixr1 and its partner proteins from the YEpFLAG-1 vector IXR1 was amplified using the primers AVV023 + AVV024 (Table S1, Supporting Information) and cloned by homologous recombination in the high-copy plasmid YEpFLAG- rpm for 72 h in a 2 L Erlenmeyer flask (2:1 ratio). Cells were collected by centrifugation (11 800 × g for 10 min at 4
• C) and the cell pellets were resuspended in buffer A (Tris-HCl pH 7.5, 150 mM NaCl, EDTA 2 mM, DTT 2 mM and 10% glycerol) supplemented with protease inhibitors (cOmplete Mini Protease Inhibitor Cocktail, Hoffmann-La Roche Basilea Swizerland). Cells were lysed by glass-bead vortexing, followed by centrifuge clarification at 30 000 × g for 30 min at 4
• C. The collected supernatants were applied onto a gravity column containing anti-FLAG M2 affinity gel (Sigma Chemical, USA) previously equilibrated with buffer A. Protein complexes with Ixr1 were then eluted with FLAG peptide (DYKDDDDK) dissolved in buffer A and at 100 μg/mL. The protein solution was concentrated by ultrafiltration with Amicon Ultra-4 (Millipore). Identification of Ixr1 and partners by MS analysis was carried out in the Proteomic unit of Instituto Investigaciones Biomédicas A Coruña (INIBIC). MALDI-TOF-TOF (Matrix-Assisted Laser Desorption/Ionization) was used to identify Ixr1 interacting proteins. Purified Ixr1 and bound proteins were concentrated, digested with trypsin, and peptide composition was analyzed in the Proteomic unit of INIBIC. The samples were analyzed using the MALDI-TOF/TOF mass spectrometer 4800 Proteomics Analyzer (AB SCIEX, Framingham, MA, US) and 4000 Series Explorer software (AB SCIEX, Framingham, MA, US). Data Explorer version 4.2 (AB SCIEX, Framingham, MA, US) was used for spectra analyses and generation of peak lists. Mass spectra were internally calibrated using auto-proteolytic trypsin fragments and externally calibrated using a standard peptide mixture (Sigma-Aldrich, St. Louis, Missouri, US). Protein identification was carried out using ProteinPilot software v.4.0 (AB SCIEX, Framingham, MA, US). Each spectrum was searched in the Uniprot/Swissprot database for Saccharomyces cerevisiae. Search parameters within ProteinPilot were set with trypsin cleavage specificity; methyl methanethiosulfate modified cysteine as fixed modifications; biological modification 'ID focus' settings, and a protein minimum confidence score of 95%. Only proteins identified with at least 95% confidence, or a Prot Score (protein confidence measure) of at least 1.3 were reported. The results obtained from ProteinPilot were exported to Microsoft Excel for further analyses. Proteins identified by less than two unique peptides were discarded before functional analysis. Functional protein association networks amongst the identified Ixr1 preys were studied with STRING (Szklarczyk et al. 2017 ).
Affinity-Co-purification of Ixr1 and its partner proteins from the YCplac33 vector
IXR1 tagged with FLAG in its N-terminus was cloned in the centromeric plasmid Ycplac33 (Ampr, URA3, lacZ, ori 2μm; Gietz and Sugino 1988) by PCR amplification using the primers ECV775AV + ECV776AV containing BamHI and HindIII restriction sites for convenient digestion and consequent ligation into the plasmid MCS (Table S1 , Supporting Information). This allows low IXR1 expression under the regulation of its own promoter in aerobic conditions. To allow the purification of Ixr1 protein and its counterparts, a FLAG-tag was added to the amino-terminus by inverted PCR using the primers AVV241 + AVV242 (Table S1 , Supporting Information), as previously described (Qi and Scholthof 2008) . The S. cerevisiae strain, W303 Ixr1 (Rodríguez Lombardero et al. 2012) was transformed with the construction. Ten liters of CM-Ura were used to culture transformed yeast overnight until reaching exponential growth phase. Cells were lysed in a Beadbeater disruptor using glass beads. Subsequent steps to purify Ixr1 and binding proteins were performed as above described. Identification of proteins after trypsin digestion was done in the Proteomic unit of INIBIC using the MALDI-TOF/TOF mass spectrometer 4800 as explained in the previous section.
Identification of Ixr1 post-translational modifications
To determine specific phosphorylations, Ixr1 was expressed under the ADH2 promoter in aerobic conditions from the YEpFLAG-1 construction above explained. Besides, Ixr1 with a HBH-tag in the COOH-terminal end was integrated in the S. cerevisiae W303 strain by PCR amplification of the HBH-TRP1 cassette with the primers AVV247 + AVV248 (Table S1 , Supporting Information), homologous recombination and positive selection in CM-Trp plates. The HBH-tag is a derivative of the HB-tag series containing a bacterially derived biotinylation signal flanked by hexahistidine motifs (Tagwerker et al. 2006) . The Ixr1-HBH was purified in denaturing conditions after hypoxic growth following the protocols and conditions previously described (Tagwerker et al. 2006) . The samples from both purifications were analyzed by LC-MS/MS (LTQ Velos) in the 'Centro de Biología Molecular Severo Ochoa' (CBMSO) protein chemistry facility.
RESULTS
Ixr1 activates transcription during normoxia when recruited to a heterologous promoter
It has been previously reported that Ixr1 is a repressor of hypoxic genes during normoxia (Lambert, Bilanchone and Cumsky 1994; Bourdineaud, De Sampaio and Lauquin 2000; Vizoso-Vázquez et al. 2012) , although also acts as activator of other groups of genes . We have confirmed that Ixr1 is able to activate transcription by directed recruitment to a heterologous promoter using the native Ixr1 protein and three mutants obtained by deletion of the amino, carboxyl or both terminal sequences (Fig. 1A) using the plasmid pGBKT7 and yeast cells from Clontech (Clontech, CA, USA) as explained in Materials and Methods. The fusion of the Gal4-DNA-BD to Ixr1 allows the expression of heterologous reporter genes under the control of Gal4, in absence of the Gal4 activator domain. Cells were able to grow in CM-Ade-His (data not shown) and α-galactosidase activity is detected (Fig. 1B) . Therefore, Ixr1 has a domain responsible for transcriptional activation through interactions with components of the transcriptional machinery. The protein depleted from the amino end loose this capacity (Fig. 1B) , thus indicating that the eliminated sequence, consisting in the first 43 amino acids, is part of an activator domain. The opposite occurs when deleting the COOH terminus.
Ixr1 interacts with Ssn8
Among the potential partners of Ixr1 in the transcriptional control of the Saccharomyces cerevisiae aerobic-hypoxic regulon, we have tested physical interactions by the Y2H method (James et al. 1996) with Tup1, Cyc8 (Ssn6) and Ssn8 (Srb11). Considering that Ixr1 has a transcriptional activation domain, in order to avoid false positives, in the Y2H experiments, Ixr1 was fused to the activation domain of Gal4 and preys were fused to the DNA-BD of Gal4. Data show that Ixr1 self-interacts (Fig. 2) , which has been attributed to oligomerization.
We have found that among the tested targets, only Ssn8 (Srb11) is a positive prey (Fig. 2) . This discards that in aerobiosis the repressor effect of Ixr1 on hypoxic genes is mediated by the general co-repressor complex Tup1-Cyc8.
In order to find data supporting that the mechanism of transcriptional regulation mediated by Ixr1 might depend on the four-subunit Cdk8 kinase module, through the detected physical interaction between Ixr1 and Ssn8, we have looked for genes previously identified under the control of the proteins of the Cdk8 kinase module (Ssn3, Ssn8, Med12 and Med13). Ixr1-regulated targets ) were compared with available data from Ssn3, Med12 and Med13 targets (Hu, Killion and Iyer 2007) . The common targets obtained in these comparisons (Table 1) reveal that 40%-45% of genes regulated by Ssn3, Med12 or Med13 are also regulated by Ixr1. As reference value, and according to similar calculations from previous data (Hu et al. 2007 ), Med12 and Med13, which belong to the same complex, have 48.1% of common targets. Data from a large-scale genetic perturbations study that includes the four components of the Cdk8 kinase module (Kemmeren et al. 2014) indicate that in aerobic conditions this subcomplex has a predominant repressor role on transcription. The data of Ixr1-repressed targets in aerobic conditions were compared with these data sets of aerobic-repressed genes by Ssn3, Ssn8, Med12 and Med13 (Kemmeren et al. 2014) and results are shown in Table 2. Also in this comparison it is possible to find common targets, although the percentage is minor than in the previous one (Table 1) .
Identification of other proteins that interacts with Ixr1 by co-purification and MS
We have identified yeast proteins that co-purify with Ixr1 using two purification approaches, trying to find other yet unexplored partners, which may influence Ixr1 functions.
Ixr1 was cloned in the YEpFLAG-1 plasmid under the regulation of the inducible promoter ADH2. This approach allows high aerobic expression of Ixr1 after glucose consumption. The bait protein and its preys were purified by affinity using antiFlag antibody. After purification, following the protocols described in Materials and Methods, the proteins in the sample were concentrated, digested with trypsin and peptides identified by MALDI-TOF-TOF analysis. The results (Table S2 , Supporting Information) allowed the identification of 65 yeast Ixr1-binding proteins with at least two unique peptides detected. None of these proteins have been previously experimentally identified to bind Ixr1 according to STRING analysis and the majority clearly clusters in two groups. One related to ribosome components and other related to glycolysis/gluconeogenesis (Fig. 3A) .
Since the expression system usually conditions protein levels, and indirectly the possibility of artifacts in the detection of co-purified proteins, we performed a second strategy using the expression plasmid Ycplac33 in which Ixr1 transcription is under the control of the Ixr1 promoter. This approach guaranteed aerobic expression of Ixr1 at natural levels. Ixr1 and co-purified proteins were, concentrated, digested with trypsin and peptides identified by MALDI-TOF-TOF analysis. In this approach, a total of 38 proteins were identified with at least two unique peptides detected (Table S3 , Supporting Information). These proteins were not previously known to bind Ixr1 according to STRING analysis, and the majority clearly belongs to the cluster 'ribosome components' or to the cluster 'glycolysis/gluconeogenesis' (Fig. 3B) . The intersection of Ixr1 preys identified in the two approaches (high or low Ixr1 aerobic expression) gives 14 proteins related to glucose metabolism (Pgk1, Eno2, Tdh3, Eno1, Tdh1, Pdc1, Adh1 and Cdc19), stress (Ssa1, Hsc82), ribosomal proteins (Rpp0, Rpl5), the translational elongation factor (Tef1) and actin (Act1). Validation of Ixr1-Tdh3 interaction by the Y2H approach is shown (Fig. 4) .
Modification of Ixr1 by phosphorylation differs in aerobic and hypoxic conditions
It has been previously suggested that Ixr1 is a phosphorylated protein (Tsaponina et al. 2011) ; therefore, we wanted to know the extension and localizations of these modifications and whether they could be influenced by the aerobic/hypoxic conditions. Aerobic expression of Ixr1 for purification and identification of phosphorylated residues was performed using the construction of Ixr1 in the YEpFALG-1 plasmid previously described. Hypoxic expression of Ixr1 was achieved from the genomic copy of Ixr1 expressed by its own promoter and COOH-tagged with HBH, which allows purification under denaturing conditions. In each approach the purified protein was further purified by electrophoresis in gel, eluted from the band and digested with trypsin or quimotrypsin. The second digestion was more adequate for identifying phosphorylated peptides. Positions identified are shown in Fig. 5 and correspond to Ser6 and Ser83 in aerobic conditions, or Thr45 and Ser559 in hypoxia.
DISCUSSION
Although it is already known that Ixr1 can behave as a specific transcriptional factor controlling subsets of genes or regulons during hypoxia and oxidative stress (Lambert et al. 1994; Bourdineaud et al. 2000; Castro-Prego et al. 2009; Vizoso-Vázquez et al. 2012) , the mechanisms affecting the basal transcriptional machinery had not been explored in detail. During aerobiosis, the repressor function of Ixr1 predominates over activation in yeast promoters . During hypoxia, the expression of Ixr1 increases (Castro-Prego et al. 2009 ), and the model changes extending the activator effect over a high number of gene promoters, which are necessary at low oxygen levels . The results here presented show that Ixr1 has an intrinsic activator capacity when artificially recruited to a promoter with a GAL4-binding site (Fig. 1) , and the NH 2 -terminus of Ixr1 is necessary for this function (Fig. 1) . This mechanism might explain the activator function of Ixr1 upon a subset of its target genes.
Our data clearly show that Ixr1 interacts with Ssn8 (Srb11) in aerobic conditions (Fig. 2) . In Saccharomyces cerevisiae, the Cdk8 kinase module has been associated with the Mediator coactivator and facilitates the recruitment or stable association of TBP to the GAL1 promoter (Larschan and Winston 2005) . But at genome scale, the Cdk8 kinase module majorly mediates processes of transcriptional repression in S. cerevisiae (Kemmeren et al. 2014) , and it has been demonstrated that the general corepressor Cyc8-Tup1 interacts with Ssn8, a subunit of this Cdk8 kinase module, in vivo (Schuller and Lehming 2003) . Our data show that Ixr1, although has a repressor effect on several promoters (i.e. hypoxic genes during aerobiosis), does not interact with Cyc8 or Tup1. Genes in the Rox1 regulon need the interaction of the specific repressor Rox1 with the general co-repressor Cyc8-Tup1 to get down regulated during aerobiosis (Zitomer et al. 1997a) . However, genes in the Ixr1 regulon apparently have overpass this requirement by the existing direct interaction between Ixr1 and Ssn8, since we do not detect Ixr1 interaction with the Cyc8-Tup1 co-repressor components.
The connection of Ixr1, via the Cdk8 kinase module, with the basal transcriptional machinery through the Mediator complex is interesting if we consider that the Mediator is regarded as an antenna sensor for multiple environmental and cellular changes that affect transcription. The Mediator is generally targeted by specific transcription factors that control gene expression programs in response to developmental or environmental cues (Poss et al. 2013) . In this sense, Ixr1 adequately fits in this general scheme since it influences transcription of different gene clusters in response to oxygen availability . Besides, in humans, it has been demonstrated that the Mediator also participates in DNA repair (Kikuchi et al. 2015) and Ixr1, in yeast, also influences this process (McA'Nulty and Lippard 1996; Tsaponina and Chabes 2013) .
We have also detected that Ixr1 interacts with Tdh3 (Fig. 4) , encoding the enzyme glyceraldehyde-3-phosphate dehydrogenase. A previous reference of a nuclear interaction of the Tdh3 human homologue with other HMGB proteins shows that HSp70, ERp60, glyceraldehyde-3-phosphate dehydrogenase, HMGB1 and HMGB2 form a complex involved in a cytotoxic response to modified DNA (Krynetski et al. 2003) . In S. cerevisiae, Tdh3 has nuclear functions unrelated to the glycolysis pathway, and interacts with Sir2, a NAD(+)-dependent histone deacetylase that regulates transcriptional silencing and rDNA recombination (Ringel et al. 2013) . It is possible to speculate that a part of the repressor effect of Ixr1 during aerobiosis might be dependent on Tdh3 silencing, thus explaining the existence of only partial overlap between the targets of Ixr1 and Cdk8 kinase module.
MS experiments demonstrate that Ixr1, besides of participating in nuclear interactions related to DNA transcription and DNA repair, also interacts with other proteins mainly associated to ribosome, cytoplasm and plasma membrane (Fig. 3A) . Although many of these interactions are not probably physiological and could be attributed to experimental over-expression of Ixr1, our data clearly show that, even when using conditions of low Ixr1 expression, it is possible to detect proteins of these functional groups interacting with Ixr1 (Fig. 3B) .
The complete picture about how Ixr1 controls positive or negative regulatory transcriptional responses in aerobiosis or anaerobiosis remains to be elucidated. From our results we conclude that Ixr1 has an activator domain that would explain its activator function by interaction with the transcriptional machinery. The repressor function of Ixr1 in aerobiosis does not depend on direct interaction with the Ccy8-Tup1 co-repressor. The new discovered Ixr1 interaction with Ssn8 probably affects the Mediator function or causes indirect recruitment of the Cyc8-Tup1 co-repressor, as previously supported by binding between Ssn8 and the Cyc8-Tup1 complex (Schuller and Lehming 2003) . Ixr1 also interacts with Tdh3, previously associated with transcriptional silencing by de-acetylation (Ringel et al. 2013) . Our findings showing that Ixr1 has specific phosphorylated residues in aerobic or anaerobic conditions, suggest that interactions with other proteins related to mechanisms of transcriptional activation or repression might be conditioned by these posttranslational modifications. Interestingly, Ser6 phosphorylated in aerobiosis is included in the NH 2 -terminal region of Ixr1, which is involved in transcriptional activation, while Ser559, phosphorylated in anaerobiosis, is included in the COOHterminal region of Ixr1, which might be involved in repression according to deletion analysis. Further studies are needed to conclude whether these differential post-translational modifications of Ixr1 affect the activator/repressor effect of Ixr1 as well as its interactions with Ssn8, Tdh3 or other transcriptional regulators.
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